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Modifications of CARLOMAT, a program for automatic computation of the lowest order cross
sections of multiparticle reactions, that include an abridgement of the phase space integration
routine, an interface to parton density functions, improvement of the color matrix computation,
supplementation of the Cabibbo-Kobayashi-Maskawa mixing in the quark sector, implementation
of effective models such as scalar electrodynamics, the Wtb interaction with operators of dimen-
sion up to 5 and a general top–Higgs coupling, are discussed. The modifications, together with
recent developments concerning mainly description of the e+e− annihilation into hadrons at low
energies, broaden the spectrum of possible applications of the program.
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1. Introduction
CARLOMAT [1] is a program for automatic computation of the lowest order cross sections
of multiparticle reactions, dedicated mainly to the description of the processes of production and
decay of heavy particles, e.g. top quarks, Higgs boson, or electroweak gauge bosons.
Substantial modifications with respect to version 1 of the program that will be briefly discussed
in the subsequent sections of the present lecture include:
• generation of a single phase space parameterization for the Feynman diagrams of the same
topology,
• an interface to parton density functions (PDFs),
• improvement of the color matrix computation,
• the Cabibbo-Kobayashi-Maskawa (CKM) mixing in the quark sector,
• effective models, including scalar electrodynamics, the Wtb interaction with operators of
dimension up to 5 and a general top–Higgs coupling.
Version 2 of CARLOMAT was released in summer 2013 and the writeup was published in the be-
ginning of 2014 [2].
2. Phase space integration
The number of peaks in the squared matrix element usually by far exceeds the number of in-
dependent variables in a single parameterization of the phase space integration element. Therefore,
the phase space integration in CARLOMAT is performed with the use of the multichannel Monte
Carlo (MC) approach. In version 1 of the program, a separate phase space parameterization is gen-
erated for each Feynman diagram and the peaks of the corresponding amplitude, which arise if any
Feynman propagator approaches its minimum, are smoothed with appropriate mappings of the inte-
gration variables. The parameterizations are then automatically combined in a single multichannel
phase space integration routine.
However, the Feynman diagrams of the same topology may differ from each other only in
propagators of the internal particles. This means that the integration limits of all the invariants,
that are uniquely defined for each topology in terms of subsets of four momenta of the final state
particles, are the same. Also the Lorentz boosts of four momenta, which are randomly generated
in the relative centre of mass system of a given subset of particles, to the centre of mass system are
the same. Thus, both the integration limits and boosts can be written only once for all the diagrams
of the same topology. The phase space integration routine in CARLOMAT_V2.0 becomes shorter
and the compilation time is reduced by a factor of 4–5 for multiparticle reactions, compared to the
previous version of the program.
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3. Hadron–hadron collisions, color matrix and CKM mixing
Interfaces to MSTW [3] and CTEQ6 [4] PDFs are added in the MC computation part of the
program. The user should choose if she/he wants to calculate the cross section of the hard scattering
process at the fixed centre of mass energy, or to fold it with the PDFs, treating the initial state
particles as partons of either the pp¯ or pp scattering.
Computation of the color matrix in CARLOMAT_V2.0 is performed as a separate stage, that is
automatically executed just after the code generation and only the nonzero elements are transferred
to the MC program. A subroutine colsqkk that computes the reduced color matrix is divided into
smaller subroutines of the user controlled size which allows to compute much larger color matrices
and speeds up the compilation process.
The CKM mixing in the quark sector is implemented in the program. However, the complex
phase of the CKM matrix can be easily incorporated, as the W boson coupling to fermions that
always multiplies Vi j is complex anyway. If the CKM mixing is included then the number of
Feynman diagrams of hadronic reactions grows substantially. For the sake of simplicity, only the
magnitudes of the CKM matrix elements Vi j [5] are taken into account. Therefore, as the inclusion
of the CKM mixing would be an unnecessary complication for many applications, it can be either
switched on or off.
4. Anomalous Wtb and top–Higgs Yukawa couplings
The effective Lagrangian of the Wtb interaction containing operators of dimension four and
five that is implemented in the current version of the program has the following form [6]:
LWtb =
g√
2
Vtb
[
W−µ ¯bγµ
( f L1 PL + f R1 PR)t− 1mW ∂νW
−
µ ¯bσ µν
( f L2 PL + f R2 PR) t
]
+
g√
2
V ∗tb
[
W+µ ¯t γµ
(
¯f L1 PL + ¯f R1 PR
)
b− 1
mW
∂νW+µ ¯t σ µν
(
¯f L2 PL + ¯f R2 PR
)
b
]
. (4.1)
The couplings f Li , f Ri , ¯f Li , ¯f Ri , i = 1,2, can be complex in general. For a detailed explanation of the
notation used in Eq. (4.1) see [7]. In the Standard Model (SM), one has f L1 = ¯f L1 = 1, while other
couplings are equal to zero. If CP is conserved then the following relationships hold:
¯f R1 ∗ = f R1 , ¯f L1 ∗ = f L1 , ¯f R2 ∗ = f L2 , ¯f L2 ∗ = f R2 . (4.2)
In order to avoid on-shell poles, masses in the Feynman propagators of unstable particles are sub-
stituted by:
m2b → m2b− imbΓb, b = Z,W,h, mt →
√
m2t − imtΓt , (4.3)
in the s-, t- and u-channel. The top quark width Γt in (4.3) is calculated anew every time the form
factors f Li , f Ri , ¯f Li and ¯f Ri , i = 1,2, are changed. For CP-odd choices of the couplings, the widths
of the top quark Γt and the width of the antitop quark Γ¯t calculated using Lagrangian (4.1) differ
from each other. Therefore both widths are calculated and the following rule is applied in the s-
channel top quark propagators: mt →
√
m2t − imtΓt is used if the propagator goes into W+b and
3
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Figure 1: Examples of the leading order Feynman diagrams of reaction (4.5).
mt →
√
m2t − imtΓ¯t is used if the propagator goes into W− ¯b [7]. The rule does not work for the
propagators in t- or u-channels, but the actual value of the width should not play much of a role
there. The prescription was to some extent justified using unitarity arguments in [7], but its field
theoretical justification would actually require the calculation of higher order corrections with the
nonrenormalizable Lagrangian (4.1).
The most general Lagrangian of t ¯th interaction including corrections from dimension-six op-
erators that has been implemented in the program has the following form [8]:
Lt¯th =−gt¯th¯t
( f + i f ′γ5) th. (4.4)
The couplings f and f ′ in (4.4) that describe the scalar and pseudoscalar departures, respectively,
from a purely scalar top–Higgs Yukawa coupling gt¯th of SM which is reproduced for f = 1 and
f ′ = 0, are assumed to be real.
In order to illustrate the relevance of automation let us consider the reaction
gg → bu ¯d ¯bµ− ¯νµb¯b (4.5)
which is a dominant partonic subprocess of associated production of the top quark pair and Higgs
boson at the LHC. Examples of the leading order Feynman diagrams of reaction (4.5) are shown in
Figure 1, where red (blue) blobs indicate the top–Higgs (Wtb) coupling. There are 67300 diagrams
in the leading order of the SM, in the unitary gauge, neglecting masses smaller than the b-quark
mass and the CKM mixing. That big number of the diagrams practically excludes a possibility of
implementing couplings of Eqs. (4.1) or (4.4) in the matrix element of (4.5) by hand.
The effects of the anomalous top–Higgs Yukawa coupling on different observables in the pro-
cess of t ¯tH production at LHC calculated with CARLOMAT_V2.0 were illustrated in [9]. The
program was also used to study effects of the anomalous Wtb coupling on the process of top quark
pair production in pp¯ collisions at the Tevatron [10] and in pp collisions at the LHC [7].
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γ − Vµ ν ≡ −efγV gµν
Figure 2: A diagram representing mixing of the photon with neutral vector mesons.
5. e+e− annihilation to hadrons at low energies
The knowledge of the energy dependence of the cross section of e+e− annihilation into hadrons,
σe+e−→hadrons(s), allows to determine, through dispersion relations, the hadronic contributions to
the vacuum polarization which are necessary for better precision of theoretical predictions for the
muon anomalous magnetic moment and evolution of the fine structure constant from the Thomson
limit to high energy scales.
Below the J/ψ threshold, σe+e−→hadrons(s) must be measured, either by the initial beam en-
ergy scan or with the use of a radiative return method [11]. At low energies, the hadronic final
states consist mostly of pions, accompanied by one or more photons. The simplest theoretical
framework that allows to describe effectively the low energetic electromagnetic (EM) interaction
of charged pions is scalar electrodynamics (sQED). At low energies, pi± can be treated as point like
particles represented by a complex scalar field ϕ . The U(1) gauge invariant Lagrangian of sQED
implemented in CARLOMAT has the following form, see e.g. [12]:
L
sQED
pi = ∂µϕ (∂ µϕ)∗−m2piϕϕ∗− ie
(
ϕ∗∂µϕ−ϕ∂µϕ∗
)
Aµ + e2gµνϕϕ∗AµAν . (5.1)
The bound state nature of the charged pion can be taken into account by the substitutions:
e→ eFpi(q2), e2 → e2
∣∣Fpi(q2)∣∣2 ,
where Fpi(q2) is the charged pion form factor that has not been implemented in the program yet.
Simulation of processes involving the EM interaction of nucleons are also possible with the
most recent version of CARLOMAT. Due to the fact, that the EM current of spin 1/2 nucleons has
the form
Jµ = e ¯N(p′)
[
γµF1(Q2)+ i2mN σ
µνqν F2(Q2)
]
N(p), (5.2)
which is very similar to the form of the tb current in LWtb of Eq. (4.1), its implementation in the
program was straightforward. Form factors F1(Q2) and F2(Q2), where Q2 =−(p′− p)2, have been
adopted from PHOKARA [13].
6. Outlook
Work on implementation of the Feynman rules of the Resonance Chiral Perturbation Theory
provided by Fred Jegerlehner [14] is ongoing. Implementation of new triple and quartic vertices is
straightforward. Just several new subroutines for the calculation of the new Lorentz tensor struc-
tures that arise in the model must be written and tested. However, the implementation of the particle
mixing, as illustrated in Figure 2, is more challenging. It requires substantial changes in the code
generating part of the program.
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